Werner bands for v = 0-4, using a narrow-band tunable extreme UV laser source at wavelengths λ = 92-105 nm in conjunction with the technique of 1 + 1 two-photon ionization. The measurements can be divided into three categories for which varying absolute accuracies were obtained. Special focus was on the B, v = 2-5 bands, where an accuracy of 0.004 cm −1 or δν/ν = 4 × 10 −8 is achieved. For transitions to B, v ≤ 13 and C, v ≤ 3 states the accuracy is 0.005 cm −1 or δν/ν = 5 × 10 −8 . Due to a different frequency mixing scheme uncertainties for B, v ≥ 13 and C, v = 4 are at the level of 0.011 cm −1 or δν/ν = 1.1 × 10 −7 . Inspection of combination differences between R(J ) and P(J + 2) lines shows that the accuracies are even better than estimated in the error budget. Based on the measurements of 138 spectral lines and the known combination differences, transition frequencies of 60 P-lines could be calculated as well, so that a data base of 198 accurately calibrated lines results for the Lyman and Werner bands of H 2 .
Introduction
Molecular hydrogen is the smallest neutral molecule and the most abundant molecular species in the universe. The Lyman bands, corresponding to the B 1 + u − X 1 + g system, and the Werner bands, corresponding to the C 1 u − X 1 + g system, connect the electronic ground state to the lowest excited states of singlet and ungerade symmetry in a dipole-allowed tran-sition, making them the most prominent features in the H 2 -spectrum. Both systems relate to the 1s-2p resonance line of the H 2 molecule in analogy to the Lyman-α line in the H atom. In case of the B 1 + u state the electron is promoted to a 2pσ orbital, whereas for the C 1 u state the electron is in 2pπ. In his pioneering studies on the vacuum UV emission spectrum, now a century ago, Lyman was the first to positively assign a spectrum to the H 2 molecule (1, 2): the B 1 + u − X 1 + g system. Later, in 1926, Werner was the first to assign spectral lines pertaining to the C 1 u − X 1 + g system (3). Dr. Herzberg, to whom we dedicate the present study, devoted an appreciable part of his career to the study of the spectrum of molecular hydrogen. Among his pioneering breakthroughs we mention the observation of the IR quadrupole spectrum (4) , his analysis of the Rydberg spectrum, with Jungen (5), laying the foundations for the application of quantum defect theory in molecules, the determination of the dissociation energy (6) , and his work with Jungen, Dabrowski, and Vervloet (7) on the measurement of IR inter-Rydberg transitions, leading to a determination of the ionization potential. Also, for the Lyman and Werner bands Herzberg made cru-cial contributions, with Howe (8) and with Dabrowski (9) , on a full rotational analysis of the emission spectra. High resolution absorption spectra of the Lyman and Werner band systems, using classical grating spectrometers, were investigated by Namioka (10) and by Dabrowski (11) . The classical studies culminated in a comprehensive study of the H 2 VUV-spectrum by scientists at the Meudon Observatory, which was published in the form of a high-resolution spectroscopic atlas (12) .
Developments on the experimental side were, over the years, accompanied by theoretical studies, for which the H 2 molecule is a benchmark system.Ab initio calculations of the potential energy curves have been produced using the Born-Oppenheimer approximation and calculating separately the mass-dependent adiabatic corrections to the potential curves as well as the nonadiabatic corrections for determination of accurate level energies. Advanced calculations for the X 1 + g electronic ground state are those of Wolniewicz (13) . An accurate potential energy curve for the B 1 + u state was reported by Cencek et al. (14) and for the C 1 u state by Wolniewicz (15) . For a calculation of level energies in the B 1 + u and C 1 u excited states the couplings between the B 1 + u , B 1 + u , C 1 u , and D 1 u states and the resulting interferences have to be treated, based upon the input of ab initio potentials. The Meudon group has calculated those coupling effects in a number of studies of increasing accuracy (16) finally resulting in tables of transition frequencies for the Lyman bands (17) and Werner bands (18) . Based upon these studies, a vast amount of rotationally resolved lines of the H 2 atlas (12) could be assigned.
The first observation of molecular hydrogen in space was performed with a rocket-borne spectrometer detecting Lyman band absorption in the optical path toward ξ Persei (19) . Since then various satellite-based telescopes including spectrometers in the vacuum UV range have been launched for the study of H 2 and other molecules. The Copernicus satellite telescope (20) was in operation for many years, while the better resolving instruments ORFEUS and IMAPS were flown aboard the Space Shuttle for limited periods. The Hubble Space Telescope yielded a greatly improved sensitivity combined with a good resolving power and absorption from H 2 vibrationally excited levels could even be recorded (21) . The Galileo orbiter, equipped with an UV (113-432 nm) as well as an extreme-UV (54-128 nm) spectrometer, recorded the Lyman and other H 2 bands from the north and south polar regions of Jupiter (22) . Since June 1999, the Far ultraviolet spectroscopic explorer (FUSE) is in flight and detecting hydrogen in space. It covers the wavelength range 90.5-118.7 nm, the range of the strong Lyman and Werner absorption bands, with high resolution (23) and with a 10 4 greater sensitivity than Copernicus.
The present paper reports on a high-resolution laser spectroscopic study of the Lyman and Werner bands. A narrow-band tunable extreme ultraviolet (XUV) laser source is used in a 1 + 1 resonance-enhanced multi-photon ionization (REMPI) scheme to determine transition frequencies of various low-J lines in B 1 + u − X 1 + g (v , 0) bands for v = 2-18 and in
In previous highresolution studies by our group, a coherent laser-based XUVsource was also used, but now the resolution has been increased by an order of magnitude, while at the same time the methods for absolute calibration have been improved. Initially, in a pilot study, the B-X(10, 0) band had been studied (24) . This work was extended to a comprehensive laser excitation study of 291 lines in Lyman B-X(v , 0) bands for v = 10-19 and Werner C-X(v , 0) bands for v = 0-5 (25) . Later, a further extension was performed for B-X(v , 0) bands for v = 20, 22, 23, 25-27, and C-X(v , 0) bands for v = 6-10 (26). The absolute accuracies on the transition frequencies in these laser-based measurements varied between 0.02 and 0.06 cm −1 . These accuracies have been improved now by almost an order of magnitude.
Experiment and assessment of error budget
The Amsterdam narrow-band tunable XUV radiation source and its application in atomic (27) and molecular (28) spectroscopy have been described previously. A schematic layout of two slightly differing experimental setups, further referred to as schemes I and II, are displayed in Fig. 1 . In short, the radiation source consists of a tunable ring-dye-laser delivering continuous wave (cw) radiation in the range 570-660 nm, a three-stage pulsed-dye amplifier (PDA) pumped by a pulsed Nd:YAG laser, a frequency-doubling crystal for converting the visible output of the PDA to the UV range, and a pulsed gas jet in which the pulsed UV radiation is frequency-tripled to cover the wavelength range 95-110 nm. The bandwidth of the XUV light in this range was previously estimated at 250-300 MHz, slightly below 0.01 cm −1 (see also ref. 28 ). The pulsed-XUV beam is crossed perpendicularly by a molecular beam obtained from a pulsed nozzle. In the interaction zone signal is generated by 1 + 1 photo-ionization, whenever the XUV radiation is tuned in resonance with a Lyman or Werner absorption line. In view of the cooling effect of the pulsed molecular beam, only transitions originating in the low rotational levels can be accessed. Spectral lines are recorded by scanning the cw laser system and monitoring the H + 2 -ion production in the interaction zone. The wavelength used in the ionizing step is the UV wavelength before tripling, corresponding to λ UV = 3λ XU V at each H 2 resonance. For the B-X(2, 0) band the total energy of the XUV and UV photons is not sufficient to produce H + 2 ions directly. Nevertheless, this band could be recorded from the signal induced by a 1 + 2 process using the region of high Rydberg states for resonance enhancement. In this case, the H + signal was monitored, which originates from photo-dissociated H 2 molecules, producing H(n = 2) atoms that are subsequently ionized. The B-X (0,0) and (1,0) bands were not covered in this study because the saturation I 2 standard does not extend to these wavelengths for the fundamental (29, 30) .
At the short wavelength limit (at λ < 570 nm), problems arose with the operation of the cw ring-dye laser, which was pumped by a Millennia 5W laser at 532 nm. Hence, the study was limited to B(v ≤ 13) and C(v ≤ 3) when using scheme I as displayed in Fig. 1 . For this reason, wavelengths in the range λ < 95 nm were produced via an alternative frequency mixing scheme (shown as scheme II in Fig. 1 ). The green output of the Nd:YAG laser was used, both for pumping the PDA as well as for sum-frequency mixing with the output of the PDA, to reach shorter wavelengths. These methods have been described in more detail in a separate paper (31) . Although the output frequency of the Nd:YAG laser is in principle fixed, temperature drifts caused slowly varying frequency excursions of several GHz during a measurement session. Its frequency was therefore monitored on-line by a four-étalon wavelength meter (ATOS), which was calibrated on an absolute scale by comparison to I 2 saturated lines, during each measurement session. This method yields an absolute accuracy of 100 MHz for the Nd:YAG output at 18 788 cm −1 .
The linewidths observed in the recording of the Lyman and Werner lines are ≈500 MHz, and slightly dependent on the measurement geometry and molecular beam conditions chosen. The bandwidth of the XUV laser source of ≈300 MHz (see refs. (27, 28) ) is independent of the choice of scheme I or II. The upper B 1 + u and C 1 u states have lifetimes of 0.5-1 ns causing a Lorentzian type broadening of up to 300 MHz. For experimental geometries in which the nozzle-skimmer distance in the molecular beam was set at 15 cm (typical measurement conditions), the Doppler contribution was found to be negligible, particularly for molecular beams in which 25% H 2 was seeded in krypton gas to lower the average velocity of the molecules. Additional broadening was found if the nozzle-skimmer distance was lowered (i.e., when the signal intensity had to be increased). At very short nozzle-skimmer distances, we found increased population of high rotational states (J = 4 and J = 5), possibly due to glancing collisions at the conical skimmer surface. Detailed studies were performed comparing the transition frequencies and their Doppler shifts on the nearby lying transitions B-X(12, 0) R(1) in H 2 and 4p 6 1 S−5d 1/2 (J = 1) in 84 Kr, at various beam conditions (i.e., beam velocities and nozzleskimmer distances). From these measurements an estimate was made of the Doppler shift and of its effect on the uncertainty of the transition frequencies. The latter is included in the error budget for an amount of 60 MHz. For the set of measurements on B-X(v , 0), v = 2-5 lines an even more careful analysis of the Doppler shift, involving seeding H 2 gas in xenon, yields a maximal systematic error of only 40 MHz.
Calibration of the source was performed by reference measurements with the visible output of the cw ring-dye laser. Simultaneously with the H 2 spectrum, transmission fringes of a pressure-and temperature-stabilized étalon and the saturation spectrum of molecular iodine were recorded. The free spectral range (FSR) of the étalon was well calibrated at 148.9567 MHz and the t-hyperfine components of the I 2 saturation spectrum were calibrated in our laboratory with an absolute accuracy (2σ ) of 2 MHz (29, 30) . Hence, the XUV frequency scale can be obtained by multiplication of the scale for visible frequencies by a factor of six (i.e. for scheme I in Fig. 1 ), thus accounting for frequency doubling and subsequent frequency tripling. Estimates were made of the uncertainty caused by frequency drift of the pressure-and temperature-stabilized étalon. In the most unfortunate cases, when useful I 2 saturation lines were far away, continuous scans of ≈ 20 min duration had to be recorded, resulting in contributions to the error budget of 20 MHz (scheme I) or 10 MHz (scheme II). Special precautions were taken during measurements of the B-X(v , 0) Lyman bands for v = 2-5. During these recordings the étalon was actively stabilized with the aid of a HeNe laser, which was itself frequency-locked to an I 2 saturation line.
Two examples are presented of spectral recordings of the H 2 spectrum that elucidate the high-resolution capabilities of the setup. Fig. 2 shows the R(0) and R(1) lines in the C-X(1, 0) Werner band, clearly separated by 1.09 cm −1 ; in the classical absorption spectrum these lines were determined at a separation of 2 cm −1 , most likely because of partial overlap (9) . A second spectrum, displayed in The contribution of the uncertainty of the reference spectrum is minor (10 MHz). A statistical uncertainty in the determination of line centers is caused by the fitting of the observed line profiles. Slight variations in the central frequencies obtained in repeated scans of a transition are also treated as statistical uncertainty. The final value for a line position is obtained by the weighted mean deduced line centers from all scans, using the number of laser pulses per wavelength interval as a weight factor. In this procedure a final statistical uncertainty is derived. For ease of representation, and to take a conservative estimate, an upper limit of the statistical uncertainty in each of the measurement schemes is used, instead of slightly different values for each line. For the very weak lines, and the lines recorded under conditions of additional broadening, a higher estimate of the uncertainty is listed in the Tables. Most lines were recorded three times, except for the set of Lyman bands B-X(v , 0) for v = 2-5, where the lines were recorded 10 or more times. In cases where frequency-mixing scheme II was employed, the calibration uncertainty was dominated by the frequency measurement of the green output of the Nd:YAG laser. Since ω XUV = 3ω PDA + 3ω Nd:YAG , the uncertainty of this measurement comes into the error budget three times (i.e., 300 MHz).
The AC-Stark effect in the H 2 Lyman bands was investigated recently by Wetzig et al. (32) . The intensity of the XUV beam in the present experiment is so low (sub-nJ pulse energies in a diverging beam) that its AC-Stark inducing effects may be neglected, and the UV-ionizing laser in the 1 + 1 two-photon ionization process dominates the AC-Stark shifts. The maximum UV intensity in the interaction zone is 4 MW/cm 2 (20 mJ/pulse, 5 ns pulse duration, 1 cm 2 area) at the highest pulse energies used. By taking into account the quadratic Stark effect for 1 states and the polarizabilities for the B 1 + u state as calculated by Rychlewski et al. (33) , as well as effective polarizabilities obtained from experimental data, they estimate for the case of 1 + 1 REMPI (UV intensities of I = 10 GW/cm 2 If their analysis may be taken as a guidance, this would result in an upper limit of 50 MHz for the AC-Stark shift for spectral lines recorded at the highest laser pulse energies. In the case of frequency mixing scheme II, lower laser pulse energies (< 10 mJ/pulse) were produced, and hence limits to the AC-Stark shift could be relaxed accordingly. Eikema et al. (27) performed measurements on the 1 + 1 REMPI excitation mechanism via the (2p) 1 P state in He; such a scheme can be considered to represent the unified-atom limit to excitation via (2pσ ) and (2pπ) in the H 2 Lyman and Werner bands. From the study on He an AC-Stark shift of 2.5 MHz per MW/cm 2 can be deduced, confirming the estimate on an upper limit for the AC-Stark effect of less than 50 MHz.
In addition to these estimates, an experimental assessment was made of the AC-Stark effect. A large set of over 30 recordings was taken for the R(1) line of the C-X(1, 0) Werner band in a pulse energy range of 2-15 mJ/pulse. From an analysis of these data it follows that a possible AC-Stark shift is smaller than the statistical spread in the data set; no intensity-dependent trend is observed. From these data we conclude that the estimated contribution of 50 MHz to the AC-Stark shift is conservative. In the study of the B-X(v , 0) bands for v = 2-5 another large data set was gathered focusing on laser intensity effects in the range of pulse energies 2-5 mJ/pulse. Even though the statistical error was smaller, no systematic trend that might possibly be attributed to an AC-Stark effect was found; for this particular data set the estimate of the error contribution by the AC-Stark effect is taken at the lower value of 30 MHz.
Two final remarks can be made on perturbing influences of the AC-Stark effect in the present absolute frequency measurements. If the total energy in the 1 + 1 REMPI scheme accidentally hits a resonance in the autoionization continuum, the ACStark effect may be enhanced, resulting in a possibly larger shift of the observed resonance in the Lyman or Werner bands. Such phenomena might be verified by using a wavelength-tunable ionization laser, but the procedures are too elaborate for addressing all lines in the present data set. Hence, it is not excluded that one or more of the lines undergoes an enhanced AC-Stark effect and the uncertainty in the transition frequency is then larger than specified. However, in the consistency checks (see next section) no such enhanced shifts were found. Secondly, AC-Stark effects on spectral lines induce asymmetric profiles (see e.g., ref. 32), due to splitting of m J components. No such signatures were observed.
As was discussed in previous studies using the PDA-based narrow-band XUV source, frequency chirp (i.e., frequency excursions during the laser pulses of 5 ns duration as a result of time-dependent gain in the dye amplifiers) form a major limitation in precision studies involving pulsed lasers (27, 34) . Although it was demonstrated that the chirp effect, giving rise to a net shift between the center frequency of the pulsed output of the PDA with respect to the cw-laser output (27) , can be actively compensated, the procedures to do so are too cumbersome to apply in a study of 70 spectral lines. From the same studies it followed, however, that the chirp effect in a PDA-based XUV Note: The columns under scheme I and scheme II refer to the experimental configurations as shown in Fig. 1 , where the data under Ia specifically denote transitions to the B 1 + u , v = 2-5 states, where special care was taken to further reduce the uncertainties. All values are given in MHz.
source is limited to systematic shifts of 100 MHz, for the center frequency determined in a 1 + 1 two-photon ionization experiment. We adopt this value as an upper limit in the error budget (Table 1) . It should be noted that, while this shift is systematic, there is a distribution of chirp shifts over the spectral lines measured in this study. As discussed in refs. 27 and 34, the systematic shift varies and changes sign when tuning a PDA over a single-dye curve; in the present study, full tuning curves of a number of different dyes and dye mixtures were used. For these reasons the chirp contribution to the error budget may be treated as a statistical summation of independent errors.
The contributions to the error budget are given in Table 1 for mixing schemes I and II. The separate column Ia relates to measurements of lines in B-X(v , 0) Lyman bands for v = 2-5, where special caution was taken to minimize some of the contributing causes of uncertainty, while using the measurement geometry of scheme I. For the major fraction of spectral lines this uncertainty was adopted in the list of resulting transition frequencies displayed in the tables. Some of the lines gave larger statistical uncertainties or were measured at unfavorable conditions (low intensity or very short nozzle-skimmer distance); the estimated uncertainties for these lines are indicated in the tables. Particularly in the wavelength range near 615 nm, problems were encountered in running the PDA laser system. As a result only weak signals could be observed in a geometrical configuration with a small nozzle-skimmer distance; the uncertainties in the transition frequencies are therefore higher.
In the measurements performed with scheme I, the frequency chirp in the PDA is the determining factor in the error budget, while in the measurements using scheme II, the uncertainty in the Nd:YAG frequency outweighs other error contributions. In the best case the uncertainty in the absolute frequency corresponds to 1/3 of the line width, while in the other cases it amounts to 2/3 of the line width of the observed resonances.
Results, discussion and conclusion
The data on the experimental transition frequencies are arranged in five tables. In Tables 2 and 3 (18), but rather the experimentally deduced values of the level energies, which relate to an average over emission lines in various bands (16) . We converted these values into transition frequencies of the Lyman and Werner bands by adding the most accurate values for the level energies of X 1 + g , v" = 0 rotational states (36) . The transition frequencies of the Meudon analysis are found to be higher by 0.06 cm −1 on average, with some scatter that has a standard deviation of 0.047 cm −1 . Based on the latter one would expect that the average deviation of our entire data set from the Meudon data is on the order of 0.008 cm −1 . This implies that the difference of 0.06 cm −1 must be interpreted as a systematic shift. This is not disturbing since in the Meudon analysis an accuracy of 0.15 cm −1 is claimed, part of which may be systematic. In measurements of a classical spectrum, the calibration by reference lines is performed for the entire data set and hence a systematic shift may be introduced. A second accurate, but less extensive, data set is that of Hinnen et al. (25) ; wherever possible a comparison was made in the tables with those data as well. The previous laser-based data of Hinnen et al. (25) are found to be systematically higher by 0.07 cm −1 , where an experimental accuracy on the order of 0.05 cm −1 was estimated. A statistical analysis would again imply that there is a systematic off-set in the data of Hinnen et al. at the level of 1/4 of the line width in that experiment. We do not have an explanation for this phenomenon, other than that it may somehow be related to the procedures of comparison with the Doppler-broadened I 2 -atlas (35) as a reference spectrum.
At the present level of accuracy it is not useful to attempt fitting procedures to derive effective molecular constants. A band-by-band analysis lacks sufficient data, while a global fit has to consider the non-adiabatic interactions, which cannot be dealt with at this level of accuracy. The present status of stateof-the-art close-coupling models are no better than 0.1 cm −1 . Calculations by the Meudon group (16) (17) (18) take into account non-adiabatic couplings between the four lowest electronic served intensities do not give reliable information on the B-X line strengths. A Dunham analysis was performed on a limited set of data with the aim of verifying the consistency of the data. In the region of excited energies below 99 000 cm −1 , the B 1 + u , v = 0-7 levels have no accidental perturbations with the C 1 state; interactions with higher lying states only cause small global shifts. Hence, in a Dunham analysis the data obtained for B 1 + u , v = 2-7 were fitted to the functional form:
In total, 26 rotational states were observed in these bands as listed in Tables 2 and 3 . Energies of the v = 6 band, which are measured with less accuracy, are used with reduced weight in the fit. Eleven Y kl constants are determined and listed in Table 7 , leaving 15 degrees of freedom for the fit. The constants have been chosen such that the sum of square deviations χ 2 , divided by the number of degrees of freedom, is minimized; actually a small number of parameters could be added without a significant change, but none can be omitted. The main conclusion of this analysis is that the rovibrational structure of this part of the data set is smooth with an accuracy of 0.0135 cm −1 . There are no obvious drop-outs; the maximum deviation found is 0.030 cm −1 for B 1 + u , v = 6, J = 2, +0.023 cm −1 for v = 7, J = 2, and −0.021 cm −1 for v = 7, J = 0. We conclude further that the identification and use of specific I 2 saturation lines is unambiguous and correct for the bands in Tables 2 and 3 .
Combination differences between P(J + 2) and R(J ) lines can further be verified with calculated ground state rotational splittings to test the accuracy and the internal consistency of the present data set. From the constants of Jennings et al. (36) the three lowest splittings can be calculated: 354.3734(2) cm −1 , 587.0325(2) cm −1 , and 814.4246(3) cm −1 . These splittings are consistent with the most accurate non-adiabatic calculations by Wolniewicz (13) . The entire data set of Lyman and Werner band lines contains 11 measurements of the R(0)-P(2) energy splitting, of which the combination differences are plotted in Fig. 4 . This shows the consistency of the data set involving these 22 spectral lines. The deviation of the combination differences from their average value amounts to much less than the typical uncertainties of 0.008 cm −1 (combined errors). This suggests that the determination of transition frequencies is more accurate than follows from the evaluation of the error budget for these pairs of lines. A statistical analysis yields a value for the combination difference of 354.3720(23) cm −1 , in agreement with the IR data (36) . A similar procedure can be performed for the R( Table 8 .
The presently obtained data, measured at a greatly improved accuracy, provide a challenging test ground for future ab initio and close-coupling calculations. The accurately determined B 1 + u , v, J excited state level energies can be employed in multiple resonance studies to also determine accurate level energies of higher lying electronic states in H 2 as was demonstrated for some states of g symmetry by de Lange et al. (37) . Also, the values can be incorporated in existing data sets on transitions between excited states to derive level energies of improved accuracy. One such example is that of the bound energy levels just below the n = 2 dissociation threshold in The accurate zero-velocity line centers form a set of lines for deducing accurate velocities of astrophysical objects, when ultra-high-resolution XUV spectrometers are used aboard satellites. At temperatures of 10 K the FWHM-Doppler width of the H 2 lines is 4.5 GHz; this may be compared with the width (0.55 GHz) and accuracy (<0.3 GHz) obtained in the present laboratory investigation. Finally, the present data may be implemented in improved comparisons between laboratory data and observed spectra from distant quasars, thus revealing pos- sible cosmological variations of the proton-to-electron mass ratio (39) (40) (41) .
